ABSTRACT R82 (sym-1 7), a stable mutant of Pisum sativum L. cv Sparkle, is described. The shoot growth of the mutant was less than that of its parent under light or dark growth conditions. Gibberellic acid treatment did not normalize the shoot growth of R82. The mutant had thick and short roots. It formed few nodules, but the specific nitrogenase activity was not affected. R82 produced and contained more ethylene than Sparkle. It also contained more free 1-aminocyclopropane-1-carboxylic acid than did its parent in both the shoot and the root. The root tip of R82 had a lower activity of ethylene-forming enzyme than that of Sparkle, whereas the whole shoot of R82 had a similar activity. The sensitivity of R82 to exogenous ethylene was not more than that of Sparkle. Exogenous ethylene treatments did not make Sparkle mimic R82, and inhibitors of ethylene biosynthesis or action did not normalize the phenotype of R82. The data suggest that the primary effect of sym-17 is not the enhanced ethylene production.
We have induced legume mutants that are altered in their symbiotic association (10, 11) . In Pisum sativum L., 19 sym genes that affect nodulation phenotypes such as strain specificity, nodule number, and nodule function have been defined, and many of these genes have been located on the pea linkage map (26) . Except for the defective nodulation, most of these mutants look otherwise normal. But some pleiotropic mutants are altered in growth habit as well as in nodulation.
Study of the altered growth may provide clues to the function of the sym gene in nodulation.
A mutant line R82 (sym-17)2 is pleiotropic; it has few nodules, short intemodes, and thick and short roots scribed GA-insensitive pea mutants (1k) (18, 20, 22) or the micro mutants (Im) (21) . We compared R82 with descriptions of those mutants. The phenotypic characters also suggest a possible involvement of ethylene. The thick and short root (tsr) phenotype is similar to that produced on Vicia by some strains of Rhizobium leguminosarum (24) . Recent work (28) showed that this root thickening was coupled to the abnormal nodulation of the primary root and could be restored to normal by treatment with AVG,3 an inhibitor of ethylene biosynthesis (27) . Therefore, we tested to determine if R82 overproduces ethylene or if it is hypersensitive to ethylene.
In this study, we describe the novel phenotype of pea R82 conditioned by sym-17.
MATERIALS AND METHODS

Plant Material
Pea, Pisum sativum L. cv Sparkle, is an early maturing freezer pea. Mutant seedling R82 was selected for low nodulation in the M2 generation after being induced by mutagenesis with y-radiation (10) . Line R82 was maintained as a stable line after backcrossing the mutant to its parent.
Plant Culture
Unless otherwise stated, seeds were individually planted in coarse vermiculite in various sizes of conical pots ('Conetainers'; Ray Leach Conetainer Nursery, Canby, OR) and subirrigated with nutrient solution containing 5 mn-m NO3- (9) . When necessary, plants were inoculated at planting with R. leguminosarum strain 128C53 (Nitragin Co., Milwaukee, WI) grown as described previously (9 
GA3 Treatment
To test the effect of gibberellin, 10 ,uL of ethanol with or without 10 isg of GA3 was applied on the dry seed. Plants were grown in 4 x 20 cm Conetainers for 3 weeks.
Measurement of Free ACC, EFE Activity, and Ethylene For determination of free ACC, tissue segments that had been frozen in liquid nitrogen at harvest and stored at -750C were ground with 5% (w/v) 5-sulfosalicylic acid (2 mL/g fresh weight) and the homogenate was centrifuged at 30,000g for 30 min. Free ACC in the supernatant was measured by the method of Lizada and Yang (12) .
EFE (ACC-oxidase) activity was determined by measuring the amount of ethylene produced after incubating tissue segments in 0.5 mL of saturating ACC solution (20 mM) in 5-mL reaction vials (Pierce) for 2 h in the dark at room temperature (23) .
To measure ethylene production by intact seedlings, seeds were individually planted in vermiculite in 45-mL assay vials. Vials were capped with a septum at 3 DAP and incubated for 3 h in the dark at room temperature. In a separate assay, the shoot apex segment of 2-and 3-week-old plants was cut and transferred immediately into a 5-mL reaction vial containing 0.1 mL of H20 and incubated for 3 h in the dark at room temperature.
Internal ethylene was extracted from freshly harvested tissue segments, essentially as described by Schierle et of AVG. Ethylene production by 1.5 cm long primary root tips were determined at 5 DAP. In a separate experiment, plants were grown in the Conetainers and subirrigated with nutrient solutions containing 0.1, 1, and 10 ,uM AVG or 1, 10, and 100 ,AM STS (1:4 mixture of silver nitrate and sodium thiosulfate) (1, 25) . Five milliliters of these inhibitor solutions were also added on top of the each Conetainer at 2-d intervals, except at 2 DAP when plants were inoculated.
RESULTS
Shoot Growth
Differences in shoot growth between R82 and Sparkle were visible soon after emergence and persisted during the entire growth period. The shoot of R82 was much shorter than that of Sparkle ( Fig. 2A) . The number of nodes was similar during the early stage, but R82 had slightly fewer nodes than Sparkle during the late stage (Fig. 2B ). The mutant R82 had a pronounced apical dominance, whereas Sparkle produced secondary shoots or lateral branches at nodes 1, 2, and 3, and R82 rarely did (Fig. 2C) . As a result, the shoot dry weight of R82 was less than one-quarter of that of Sparkle (Fig. 2D) . Internode lengths at 4 WAP showed that the major factor accounting for the dwarfness of R82 was the short internode length, especially above the third intemode (Fig. 3) . In both lines, the first flower appeared around 30 DAP and at the same nodes, 10 or 11. R82 produced fewer and smaller pods and seeds than did Sparkle. R82 had 2.0 ± 1.0 pods/plant, whereas Sparkle bore 14.0 ± 6.3 pods. The seed and pod dry weights per plant were 17.1 ± 8.9 and 1.8 ± 0.8 g for Sparkle and R82, respectively. It is interesting that the pods of R82 were wrinkled, whereas those of Sparkle were smooth (Fig. 4 ). 
Dark Treatment
The phenotype of sym-17 was also expressed during growth in the dark (Table I ). Compared to growth in a 16/8 h (day/night) regime, continuous darkness increased the lengths of internodes, but decreased the number of nodes by one for both Sparkle and R82. However, the relative response to darkness was different. When the lengths of the fully expanded first three internodes were compared, the enhancement for Sparkle and R82 was about 3.7-and 1.8-fold, respectively. Total shoot length of Sparkle increased about 2-.0 fold, whereas that of R82 did not. The thickness of the basal stem of R82, but not that of Sparkle, was also increased during growth in the dark (Table I) .
Root Growth Figure 5 shows the difference in root morphology. The primary root of R82 was very short and developed fewer and shorter lateral roots compared to Sparkle (Table II) . At 4 WAP, the average length of the primary root of R82 was only 13 cm, whereas that of Sparkle was about 49 cm. The roots of R82 were also thicker (Table II) (Fig. 5) . However, there were clear differences in the nodulation between two lines. When 4-week-old plants were compared, the number and the dry weight of nodules of R82 were less than one-quarter of those of Sparkle (Table II) . Total nitrogenase activity of R82 roots was also lower than that of Sparkle roots, but the specific activity of nitrogenase in R82 nodules was the same as that in the parent Sparkle (Table II) . 
GA3 Treatment
The response of both lines to GA3 was similar (Table III) . GA3 increased the shoot length and decreased the stem thickness of mutant and parent lines to a similar degree. However, the increase of the length of the basal three internodes of R82 was less than that of Sparkle. GA3 treatment did not affect the length of the primary root and the dry weight of the shoot and the root of both lines, but decreased the total number of nodules on R82 (data not shown (Figs. 2B and 3) . Light influences the internode length of plants (13) . Both Sparkle and R82 responded to dark, but in different ways. The degree of increase of internode length of R82 was much less than that of Sparkle (Table I) . Thickening of the basal stem of R82 in continuous dark was also different from that of Sparkle (Table I) . Mutants with similar phenotypic characters have been described before. Studies of several pea internode length mutants indicate that several genes control internode length (15) , and that GA biosynthesis or sensitivity is involved in controlling the internode length (19) .
Mutants of pea such as le, na, lh, and Is contain reduced amounts of endogenous GA,, and those mutants can be restored to normal phenotype by the application of GAs (19) . Although the shoot lengths of both Sparkle and R82 were increased about 2-fold after GA3 treatment, R82 did not become the phenocopy of Sparkle (Table III) , indicating that the sym-17 did not directly involve GA synthesis. Some phenotypic characters of the shoot of R82 are similar to those of the Ik mutant of pea (type line JI 1420), which is insensitive to exogenous GA, (18, 20, 22) . That mutant has short stem, internodes and petioles, reduced leaflet area, and dark green leaves. However, the similarity of GA3 response of Sparkle and R82 (Table III) suggests that sym-17 does not involve insensitivity to GA. Moreover, the root of R82 is short and thick, whereas that of Ik line is normal (20) .
The pleiotropic pea mutant Im (type line NGB 1329) shows a size reduction of all parts, including the root (15) . That mutant line was shown to respond well to applied GA,, and some of its phenotypic characters are also similar to those of R82. However, the Im mutant showed weak apical dominance, and stem length in the dark was more than twice that in light (21) . R82 showed strong apical dominance (Fig. 2C ) and little increase of the shoot length in the dark (Table I) . Thickening of the basal stem of R82 in the dark is also a different character (Table I) .
The wrinkling of pods (Fig. 4) is an unusual characteristic, and was not previously reported for other dwarf pea mutants. However, two mutant lines of chickpea also demonstrate cosegregation of non-nodulation and wrinkled pods (3).
Many legumes possess autoregulatory mechanisms for controlling nodule number (2, 16) , and grafting experiments with pea mutants showed that the nodule number is controlled mostly by the root genotype (17) . Although R82 never forms as many nodules as Sparkle, it nodulates throughout its growth. In this regard, R82 can be classified as a low nodulating mutant. Small root size may physically restrict abundant nodule formation. Similarity in the specific nitrogenase activity between Sparkle and R82 (Table II) suggests that the energy supply to individual nodules on R82 was not funda- (24) . That species, which is also nodulated by R. leguminosarum, exhibits reduced nodulation and thick short roots when inoculated with some rhizobial strains (28) . This was attributed to excess ethylene formation in the roots induced by rhizobia.
R82 produced and contained more ethylene than its parent Sparkle (Table V) . The higher free ACC content of R82 may be a factor, for R82 did not possess greater EFE activity (Table  IV) . In addition, growth of R82 was not more sensitive to exogenous ethylene than was Sparkle (Table VI) . These observations suggested the mutation at sym-17 exerts its pleiotropic effects, at least in part, via increased ethylene.
Exogenous ethylene inhibits nodulation (4, 7, 8; (5) . That indicated that an early step in nodule development of E2 might be more sensitive to ethylene than that of Sparkle (5). However, although AVG or STS were effective in lowering the ethylene production or in increasing the primary root length (Table VII) , these ethylene inhibitors failed to increase the nodulation of R82. This indicates that the defect in nodulation of R82 is different than that in E2.
Failure to make Sparkle mimic R82 with exogenous ethylene (Table VI) and failure to normalize the phenotype of R82 by frequent application of inhibitors of ethylene biosynthesis or action (Table VII) indicate that the elevated ethylene content is not the main factor accounting for the phenotype of R82. Similar results were previously reported in a pea mutant (1k) (22) and in a tomato mutant (Epi) (6). Those (6, 22) . Similarly, higher ethylene production of R82 also seems to be a secondary symptom resulting from the mutation at sym-17. Although R82 shares some features with previously reported dwarf pea mutants, its unusual characteristics, including wrinkled pods, thickened roots, decreased nodulation, and enhanced ethylene production, collectively make it a novel phenotype.
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